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during a Larval Molt of the Tobacco
Hornworm Manduca sexta
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MHR3, an ecdysone-induced transcription factor, was shown to appear in the abdominal epidermis of the tobacco hornworm
Manduca sexta in a pattern-specific manner as the 20-hydroxyecdysone (20E) titer rises for the larval molt. The crochet
epidermis that forms the hooked setae on the proleg is first to show MHR3 mRNA and protein followed sequentially by the
spiracle, the dorsal intrasegmental annuli, the interannular regions, and finally the trichogen and tormogen cells. The
protein appears in the nuclei about 8 h before the onset of cuticle formation, is present during the outgrowth of the setae,
and disappears after epicuticle formation. In vitro studies showed that MHR3 mRNA induction in the crochet epidermis by
0E was more sensitive (EC50 5 1026 M; 50% induction by 2 h exposure to 4 3 1026 M 20E) and did not require protein
ynthesis for maximal accumulation compared to the dorsal epidermis. The ecdysone receptor complex is present in both
issues at the outset of the molt and therefore is not a determining factor in these responses. Thus, in addition to the
cdysone receptor complex, region-specific factors govern both sensitivity and timing of responsiveness of MHR3 to 20E to
nsure that this transcription factor will be present when needed for its differentiative role. © 2000 Academic Press
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The insect epidermis presents a useful system for the
study of differential gene expression. At every molt, the
epidermis detaches from the old cuticle, synthesizes a new
cuticle, and then digests the old cuticle before returning to
the intermolt state (Locke, 1984). These complex events are
coordinated by the molting hormone ecdysone (E) and its
biologically active metabolite 20-hydroxyecdysone (20E),
with the rising titer of ecdysteroid causing the detachment
and preparatory events for the molt and the falling phase
allowing the new cuticle synthesis (Riddiford, 1985).
The abdominal epidermis of the tobacco hornworm
Manduca sexta has been characterized for ecdysteroid re-
sponsiveness both in vivo and in vitro (Truman et al., 1974;
Mitsui and Riddiford, 1976, 1978; Hiruma et al., 1991).
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All rights of reproduction in any form reserved.When the abdomen was isolated from the prothoracic
glands by a ligature between the first and second abdominal
segments during the rising phase of the ecdysteroid titer for
the final larval molt, the abdominal epidermis exhibited a
mosaic molting response (Truman et al., 1974; Fig. 1). When
the ligature was done at the time of prothoracicotropic
hormone (PTTH) release that initiates ecdysone production
by the prothoracic glands, no part of the segment made a
new cuticle (4th-instar larva in Fig. 1). Isolation a few hours
later resulted in new cuticle production by some regions,
whereas others showed no molting response (L-1, L-4, L-5 in
Fig. 1). Isolation at still later times was unable to prevent
molting (last panel, Fig. 1). In both the larval and the pupal
molts, the progression of independence from the protho-
racic glands in the 5th abdominal segment showed a repro-
ducible pattern with time. These experiments suggested
that these different segmental regions had either different
thresholds for ecdysteroids or required different lengths of
exposure to the hormone or both. Exposure of several of
these regions to 20-hydroxyecdysone (20E) in vitro to cause
the pupal molt showed that both the concentration of














482 Langelan et al.the largest differences were in the required time of exposure
to a maximal concentration of 20E (Mitsui and Riddiford,
1976).
The molecular events initiating the response to 20E are
now well characterized. The hormone binds to the ecdy-
sone receptor (EcR)/ultraspiracle (USP) heterodimer and
initiates a cascade of expression of transcription factors,
which in turn regulate tissue-specific genes involved in
molting and metamorphosis (Thummel, 1996; Henrich et
al., 1999; Riddiford et al., 1999). The Manduca MHR3 gene
(Palli et al., 1992) encodes an ecdysteroid-inducible ho-
molog of Drosophila hormone receptor 3 (DHR3) (Koelle et
al., 1992), a member of the nuclear receptor superfamily,
which is required for embryonic (Carney et al., 1997) and
pupal and adult (Lam et al., 1999) development in Drosoph-
ila. In Manduca, MHR3 mRNA appears during the ecdy-
FIG. 1. Pattern of acquisition of the ability of the 5th abdominal
segment of a Manduca larva to molt independently of further
ecdysone from the prothoracic glands as determined by ligation
between the first and second abdominal segments at various times
during the onset of the molt to the 5th larval instar (modified from
Truman et al., 1974). The white areas in the bottom panels 0–4 h
after prothoracicotropic hormone (PTTH) release that initiates the
molt are those that are able to molt after ligation, whereas the
shaded areas cannot molt. A larva is shown above with a box
indicating the 5th abdominal segment bearing a ventral proleg;
within the segment can be seen eight annuli. The crochets (cr) or
hooked setae on the proleg, the spiracle (sp), the white stripe (ws),
and black marks on the cuticle (arrows) are indicated in the first
panel. The crochet epidermis first becomes competent by 1.5 h
after PTTH release. The dorsal epidermis gains competence be-
tween 3 and 4 h after PTTH release with the area containing the
black cuticular marks just dorsal to the lateral white stripe and an
area just posterior to the spiracle being the last to acquire compe-
tence.steroid rise for the larval, pupal, and adult molts (Palli et al.,
Copyright © 2000 by Academic Press. All right1992; Fujiwara et al., 1995). This RNA was shown to be
directly induced in the abdominal epidermis by 20E in a
dosage-dependent manner, although 20E-induced protein
synthesis was necessary for its full expression (Palli et al.,
1992). At the onset of the final larval molt, all nuclei in the
dorsal abdominal epidermis express both EcR-B1 and USP,
although EcR-B1 mRNA increases with the rising ecdy-
steroid titer (Jindra et al., 1996; Asahina et al., 1997). Hence
the mosaic responsiveness discussed above appears not to
be due to a mosaic distribution of hormone receptors.
Consequently, it was of interest to determine whether the
temporal and spatial expression pattern of MHR3 was
similar to that of apparent ecdysteroid responsiveness de-
termined by the ligation experiments.
Based on the apolysis of the spiracular epidermis, we
devised a staging system for larvae entering the molt, and
then measured both ecdysteroid titers and MHR3 RNA and
protein expression in different parts of the 5th abdominal
segment during the onset of the 4th to 5th larval molt. The
epidermis that makes the hooked setae on the tip of the
larval abdominal prolegs (Fig. 1), the crochet epidermis, was
found to express both MHR3 RNA and protein earlier than
the dorsal intrasegmental epidermis both in vivo and in
vitro. Within the dorsal epidermis, there was little differ-
ence except that the annuli first showed MHR3 followed by
the interannular regions. The polyploid cells involved in
new hair formation were the last to gain MHR3 just before
the new hairs grew out. These studies thus show that
MHR3 appears in a temporal and spatial pattern within the




Manduca larvae were reared on an artificial diet (Bell and
Joachim, 1976) in a 12-h light:12-h dark photoperiod at 25.5°C.
Animals were individually staged by weight and morphological
markers at the time of ecdysis to the fourth larval stage (Truman,
1972; Curtis et al., 1984). Gate II 4th-instar larvae were used for
hese studies since they release PTTH synchronously around
ights-off at the beginning of the third day of the instar (Truman,
972). To score spiracle apolysis prior to ecdysis to the 5th instar,
e selected 4th-instar larvae on Day 3 (Gate II; Truman, 1972) and
easured the apolysed cuticle surrounding the left spiracle of the
th abdominal segment using an ocular micrometer at 4003 on a
ild dissecting microscope. Measured animals were replaced on
iet and scored hourly for head capsule slippage (HCS), the time
hen the 4th-instar head cap begins to move downward to allow
pace for the formation of the new head capsule. This distinct
orphological stage occurs 29 h prior to ecdysis (Curtis et al.,
984).
Assay of Ecdysteroids
Hemolymph was collected from the dorsal horn of animals
selected by age, size, time of day, and spiracle apolysis and
extracted once or twice with methanol (25 ml hemolymph in 750 ml






























483Patterns of MHR3 Expression in Manduca Epidermismethanol), and then dried under nitrogen or in air overnight. For
radioimmunoassay, the protein A protocol of Warren et al. (1984) as
modified by Dr. Wendy Smith (personal communication) was used
with the O-6 antibody (Yokoyama et al., 1996; provided by Dr. Sho
Sakurai). The O-6 antiserum has a five times higher affinity for 20E
than for either ecdysone or 3-dehydroecdysone (Yokoyama et al.,
1996). The a-[23,2423H(N)]-ecdysone) (New England Nuclear) had a
specific activity of 53 Ci/mmol. Both ecdysone (Simes) and 20E
(Daicel Chemical Co., provided by Dr. Takeshi Matsumoto) were
used as competitors for standard curves.
For analysis of the ecdysteroid content, hemolymph from three
to four animals at selected stages was pooled and frozen or
extracted twice with two volumes methanol and dried under
nitrogen. Then the samples were coded and sent to Dr. James
Warren, University of North Carolina, for HPLC-RIA analysis as
detailed in Warren and Gilbert (1987).
Dissection and Culture
Selected animals were washed in tap water, anesthetized by
15–20 min immersion in distilled water or CO2, and dissected in
old Manduca saline. The dorsal abdominal integument was
cleaned of most fat body and muscles (Riddiford et al., 1979). To
obtain crochet epidermis, the distal tip of the abdominal prolegs
including the crochet hooks was snipped off, releasing the pouch-
like crochet epidermis which was then pulled free of the leg using
watchmakers forceps (Fain and Riddiford, 1977). For in vitro
culture, the integument was cut into 3 3 7-mm pieces and cultured
on the surface of 0.5 ml Grace’s medium per culture well at 25.5°C
in a 95% O2–5% CO2 atmosphere (Hiruma and Riddiford, 1984).
Crochet epidermis excised as described above was similarly cul-
tured.
To inhibit protein synthesis, we preincubated the crochet epi-
dermis in 10 mg/ml anisomycin (AMC) for 1 h, and then added 2
mg/ml 20E. This concentration of anisomycin inhibits 99% of the
20E-induced protein synthesis in the dorsal epidermis (Hiruma et
al., 1995).
RNA Isolation and Hybridization
Total epidermal RNA was isolated by the guanidine–HCl
method of Cheley and Anderson (1984) or the guanidinium isothio-
cyanate method of Chomczynski and Sacchi (1987) followed by
ethanol precipitation (Hiruma et al., 1991, 1997). The RNA con-
centrations were determined spectrophotometrically (Davis et al.,
1986).
Northern and dot blot hybridizations using a randomly primed
MHR3 cDNA probe were performed as described by Palli et al.
(1992). The fluorograms, after exposure for varying lengths of time
to be in a linear range of detection, were analyzed by densitometry
as described by Palli et al. (1992) or the hybridized filters were
nalyzed by a molecular imaging system (BioRad Model GS-505).
ach dot blot contained a standard RNA sample prepared from the
ooled dorsal abdominal epidermis of several animals at the time of
CS for normalization purposes. The abundance of MHR3 mRNA
n this RNA standard was arbitrarily set at 10, and then the
mounts of MHR3 mRNA in the samples were measured relative
o this standard.
In Situ Hybridization
Digoxigenin-labeled (Boehringer Mannheim) sense and antisense
cRNA probes were prepared by in vitro transcription of a cloned
Copyright © 2000 by Academic Press. All rightMHR3 cDNA containing the DNA-binding, hinge, and ligand-
binding regions (Palli et al., 1992). This probe hybridizes to both the
3.8- and 4.5-kb messages. Approximately 1 ng of probe was used in
200 ml hybridization solution.
We used an in situ hybridization protocol adapted for whole
ount tissues (Riddiford et al., 1994). Dissected tissues were fixed
or 2 h at room temperature in freshly prepared 4% paraformalde-
yde in phosphate-buffered saline [PBS (1): 130 mM NaCl, 7 mM
a2HPO4, 3 mM NaH2PO4] followed by washing in PBS (1) and
storage at 4°C. Tissue fragments 5–10 mm square were incubated
in 0.2–0.4 ml of solution in 0.5-ml Eppendorf tubes with inversion
shaking, for all steps. The tissues were exposed to prehybridization
solution without dextran sulfate for 1–2 h at room temperature,
and then transferred to hybridization solution containing the
digoxigenin-labeled RNA probe and 10% dextran sulfate for at least
16 h at 50°C.
To visualize the hybridization reaction, peroxidase-conjugated anti-
digoxigenin antibodies (Boehringer Mannheim) were used at a 1:200
dilution in PBS-0.3% Triton X-100 (PBST) containing l% normal goat
serum and incubated overnight at 4°C. The tissue was then rinsed
extensively and reacted with 3,39-diaminobenzidine (DAB) (Sigma) as
described previously (Riddiford et al., 1994). Stained tissues were
mounted on polylysine-coated coverslips and observed with a Nikon
Optiphot microscope equipped with a Sony DXC-960MD CCD video
camera and processed using Adobe Photoshop.
Immunocytochemistry
An affinity-purified polyclonal antibody generated against a GST
fusion protein of the hinge and proximal part of the ligand-binding
region of MHR3 by Dr. David Champlin (Lan et al., 1997) was used
o detect MHR3 protein in the epidermis. Preincubation of the
ntibody with the fusion protein prevented immunostaining of the
pidermis (data not shown). The tissue was fixed in freshly pre-
ared 4% paraformaldehyde or 3.7% formaldehyde in PBS (2) (0.15
NaCl, 2 mM NaH2PO4, 7.7 mM Na2HPO4) for 30 min, and then
ashed and incubated with primary and secondary antibodies as
escribed in Jindra et al. (1996). Visualization was with either DAB
or light microscopy or FITC or Texas Red for confocal analysis. All
econdary antibodies were obtained from Jackson Immunore-
earch.
Quantitative analysis of either Texas Red or FITC-labeled nuclei
as done by laser confocal microscopy (BioRad MRC-600) and
nalyzed by NIH image to measure intensity of nuclear fluores-
ence. For a series, all tissue was processed and analyzed at the
ame time using the same settings. The intensity of fluorescence
as determined for an 88-pixel circle within the nucleus and the
djacent cytoplasm, and then the cytoplasmic intensity was sub-
racted from that of the nucleus. Three to 10 different nuclei were
ssessed in each preparation.
RESULTS
Staging of the Onset of a Larval Molt by Spiracle
Apolysis
To determine the timing of the onset of the larval molt in
vivo, we used the extent of spiracle apolysis as a marker,
since this apolysis correlates with the rise of ecdysteroid in
the silkworm Bombyx mori (Kiguchi and Agui, 1981). We
measured the size of the smooth outer ring of detached
epidermis surrounding the 7th abdominal spiracle of the





















484 Langelan et al.4th-instar Manduca larva before and during the molt to the
5th instar (Fig. 2, inset). The apolysed epidermis for the new
spiracle is distinct from the surrounding epidermis that
contains the blue pigment insecticyanin. It has a smooth
sheen and a well-defined edge. To control for the size of the
molting larva, we measured the dorsoventral axis of the
forming spiracle and subtracted the dorsoventral length of
the old 4th-instar spiracle itself, as seen in the inset in
Fig. 2.
During a larval molt, the head cap slips down to allow for
formation of the new, larger head capsule. For the 7-h period
immediately before HCS, the degree of spiracle apolysis
provided a reproducible and linear index of developmental
stage (Fig. 2). The first sign of spiracle apolysis about 12 h
before HCS is a gradual lightening of color in a crescent-
shaped area about 25 mm high immediately dorsal to the
spiracle on the 7th abdominal segment (“hat”); this stage
we call spiracle apolysis 0 (SA 0). This area increases in size
and extends down along the sides and from the bottom of
the spiracle as seen in Fig. 2. Below 150 mm, the stages were
more difficult to score due to a thin (40 mm) line of shiny
cuticle that always surrounds the spiracle and showed
considerable variability in timing from SA 0. Above 150 mm
he degree of spiracle apolysis was linearly correlated with
he time to HCS. Thus, by measuring the extent of spiracle
polysis, one can accurately stage animals within the 6-h
eriod preceding HCS. For example, animals with an apoly-
is distance of 250 mm could be expected to show HCS
approximately 4 6 1 h later. The use of the spiracle apolysis
distance thus allowed reasonably accurate developmental
FIG. 2. Extent of apolysis of the 7th abdominal spiracle as an
indicator of developmental time prior to head capsule slippage
(HCS) for the 5th-instar molt. The length of the spiracle (x) was
ubtracted from the total length of the apolysed area encompassing
he spiracle (y) as seen in the inset to obtain the extent of spiracle
polysis (5 y 2 x). The spiracles were measured for 5–10 animals at
each point, and then the larvae were scored hourly for slippage of
the head capsule. Bars indicate standard deviations.staging during this period of the 4th larval molt. a
Copyright © 2000 by Academic Press. All rightEcdysteroid Titers during the Onset of the Molt
Although the ecdysteroid titer has been determined pre-
viously for selected points during the 4th-instar molt of
Manduca (Bollenbacher et al., 1981; Curtis et al., 1984), a
arefully timed study during the time preceding HCS had
ot been done. Hemolymph samples were taken from Gate
I 4th-instar larvae that had been staged by time during the
ight of PTTH release (Truman, 1972), and then by the
xtent of spiracle apolysis until HCS or by time after HCS.
he ecdysteroids in the samples were assayed by radioim-
unoassay using the O-6 antiserum that detects primarily
0E (Yokoyama et al., 1996). A slow rise began about 12 h
efore HCS followed by a rapid increase to a maximal titer
f about 4.2 mg/ml 20E-equivalents at about 6 h before HCS
s staged by spiracle apolysis (Fig. 3). It then declined
apidly so that by HCS the 20E titer was about 1.5 mg/ml,
and 10 h later it was essentially back to the level seen in the
intermolt period (Fig. 3).
The ecdysteroid contents of selected hemolymph
samples were analyzed by Dr. James Warren, University of
North Carolina, using RP-HPLC separation followed by
RIA of identified ecdysteroids (Warren and Gilbert, 1987).
Table 1 shows that the RIA done with the O-6 antibody
quite accurately detects the 20E levels in the hemolymph
on the rising phase of the titer and slightly underestimates
them at the peak 5 h before HCS. The level of E was always
low, indicating its rapid conversion to 20E. Preliminary
analysis showed that 20,26-dihydroxyecdysone (20,26E), a
metabolite of 20E, was low (,150 ng/ml) until the peak,
when it was about 10% of the 20E level, and then increased
as the 20E titer declined so that by HCS 1 6 h it was the
FIG. 3. Ecdysteroid titer from the time of PTTH release to 12 h
after head capsule slippage (HCS) as determined by radioimmuno-
assay using the O-6 antiserum. Animals were staged by time from
the time of PTTH release until spiracle apolysis extended to about
125–150 mm, then by the extent of spiracle apolysis (SA) until HCS,
and thereafter by time after HCS (bar across the top indicates these
staging criteria). Points represent the averages 6 SD for N animals
s indicated.



















485Patterns of MHR3 Expression in Manduca Epidermispredominant ecdysteroid (1170 ng/ml compared to 760
ng/ml for 20E). 20,26Ecdysonoic acid also increased to
levels similar to that of 20,26E at this time (data not
shown). The low ecdysteroid titer measured with the O-6
antisera at HCS 1 6 h in Fig. 3 is similar to the measured
0E concentration, indicating that this antisera has low
ffinity for these metabolites.
Timing of MHR3 mRNA Expression in the
Epidermis
Previous studies have shown that MHR3 mRNA in-
creases in the dorsal abdominal epidermis during the larval
molt as the ecdysteroid titer rises and that this mRNA is
induced by relatively high levels of 20E [the effective
concentration to give a 50% maximal response (EC50) was
approximately 0.9 mg/ml or 1.9 3 1026 M] (Palli et al., 1992).
Therefore, we reassessed the levels of MHR3 mRNA in the
epidermis of larvae with known degrees of spiracle apolysis
and found that this RNA began increasing rapidly about 6 h
before HCS, peaked about 2–5 h before HCS, and then
declined (Fig. 4, bottom).
As noted above, within the abdominal segment of
Manduca, the epidermis gained the ability to molt indepen-
dently of the prothoracic glands at different times during
the 4th-instar molt (Truman et al., 1974). As seen in Fig. 1,
he epidermis at the tip of the abdominal proleg that forms
he sclerotized setae (crochets) used to grasp the plant was
he first part of the segment to achieve molting autonomy,
ith that in the dorsal intrasegmental epidermis occurring
everal hours later. To determine whether there was a
egional difference in MHR3 expression at this time, we
solated RNA from the crochet epidermis of the same
nimals that provided the dorsal epidermis and found that
here was a slow initial rise in MHR3 mRNA in the crochet
pidermis beginning 8–9 h before HCS, followed by a rapid
ise (Fig. 4, middle) coincident with the initial slow, then
harp rise in the 20E titer (Fig. 4, top). The dorsal epidermis
howed little MHR3 mRNA during the slow rise period,
nd its rapid rise phase slightly lagged that of the crochet
TABLE 1
Analysis of Ecdysteroids Present in Manduca Hemolymph at










216 330 357 6
211 870 843 16
25 3530 4200 38
a O-6 antibody used.
b Combination of H22 and Sho3 antibodies used (J. Warren,
ersonal communication).pidermis (Fig. 4, bottom).
Copyright © 2000 by Academic Press. All rightWhen Day 2 4th-instar dorsal epidermis was exposed to 2
mg/ml 20E in vitro, MHR3 mRNA was first detectable as a
4.5-kb transcript at 3 h with small amounts of a 3.8-kb
transcript appearing at 6 h, the time when maximal expres-
sion was observed (Palli et al., 1992). By 12 h both tran-
scripts were expressed nearly equally. When we performed
a similar experiment with crochet epidermis in vitro,
MHR3 mRNA rose more rapidly to maximal expression by
4 h (Figs. 5a and 5b). At this time mainly the 4.5-kb
transcript was present, but by 6 h the 3.8-kb transcript had
appeared (Fig. 5a). In the dorsal epidermis this induction is
partially due to a direct activation by 20E and partially
dependent on 20E-induced protein synthesis (Palli et al.,
FIG. 4. MHR3 mRNA expression in the crochet epidermis
(middle panel) and in the dorsal abdominal epidermis (bottom
panel) of the 5th abdominal segment as determined by dot blot
hybridization using 10 mg total RNA per dot. The 20E titer from
Fig. 3 is shown in the top panel. Animals were staged as in Fig. 3;
vertical dotted line indicates when staging by spiracle apolysis was
first done. RNA abundance is relative to the level of MHR3 mRNA
in the dorsal epidermal RNA at the slipped head capsule stage and
is set at 10 as in Palli et al. (1992). Each point represents the average
of replicates from an individual larva. The samples for the crochet
and the dorsal abdominal epidermis were taken from the same
animals.
s of reproduction in any form reserved.
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486 Langelan et al.1992). Consequently, full induction was not seen when
protein synthesis was prevented during exposure to 20E. By
FIG. 5. In vitro induction of MHR3 mRNA in the crochet epidermis
f Day 2, Gate II 4th-instar larvae. (a) Northern analysis of RNA from
rochet epidermis after culture with 2 mg/ml 20E for the designated
time. Each lane represents 3 mg total RNA from a different individual.
(b) Dot blot hybridization of 3 mg total RNA from crochet epidermis
after culture for various time periods with 2 mg/ml 20E (solid circles),
2 mg/ml 20E, and 10 mg/ml anisomycin (AMC) (open circles), 10 mg/ml
AMC (open square), or in the absence of hormone (NH) (solid square).
The epidermis was preincubated with anisomycin for 1 h before
addition of 20E. (c) Concentration–response data for induction of
MHR3 mRNA by 20E as determined by dot blot hybridization. For all
these studies, packets of crochet epidermis from the eight prolegs of
each of several larvae in a cohort were pooled, and then four to nine
were cultured for each time point or with each concentration of 20E.
For (b) and (c), the RNA levels of four different cohorts were averaged
to give the means 6 SD shown. The relative expression was deter-
mined as in Fig. 4.contrast, Fig. 5b shows that addition of 10 mg/ml anisomy-
Copyright © 2000 by Academic Press. All rightcin to inhibit protein synthesis in the crochet epidermis had
no effect on the maximal induction of MHR3 mRNA by
20E. When the crochet epidermis was cultured with various
concentrations of 20E for 4 h, the EC50 for MHR3 mRNA
induction was found to be about 0.5 mg/ml (about 1026 M)
(Fig. 5c), about half that of the dorsal abdominal epidermis
(EC50 5 1.9 3 1026 M) (Palli et al., 1992). Therefore, this
increased sensitivity to 20E coupled with its independence
of protein synthesis for full expression allows MHR3
mRNA to appear and attain maximal levels earlier in the
crochet epidermis, compared to the dorsal epidermis.
Mosaic Expression of MHR3
In situ analysis on the two tissues from the 5th abdomi-
nal segment of the same animal at about 11 h before HCS
confirmed the presence of MHR3 mRNA only in the
polyploid crochet cells and the surrounding smaller cells
that produce the transparent plantal cuticle that surrounds
the crochets (Fain and Riddiford, 1977) (Fig. 6). No MHR3
mRNA was seen in the dorsal epidermis until 6–7 h before
HCS (Fig. 6), confirming the total RNA analyses in Fig. 4.
Each abdominal segment is divided into eight circumferen-
tial annuli (Fig. 1). Figure 6 shows that MHR3 mRNA first
appeared dorsally in these annular regions of the segment
before it appeared in the interannular regions that are in
register with the black marks on the cuticle (see Fig. 1). It
also appeared in the cytoplasm of the trichogen–tormogen
cell complex (hair- and socket-forming cells, respectively)
at this time. At these early times, higher levels of MHR3
mRNA were occasionally seen in the anterior and posterior
margins of the segment, compared to the centrolateral
region shown in Fig. 6.
Immunocytochemistry with a polyclonal antibody to
MHR3 showed that the protein usually first appeared in the
crochet epidermis in the plantal nuclei between 9 and 12 h
before HCS (Fig. 7a). By 9 h before HCS, all plantal nuclei
showed weak immunostaining and two of four animals
examined showed weak crochet nuclear staining (Fig. 7a).
By 5–6 h before HCS, maximal levels of staining as mea-
sured by confocal microscopy (Fig. 7b) were achieved and
maintained until HCS, and then declined to very low levels
within 6 h (Figs. 7a and 7b). During this time the crochets
formed and elongated. Figure 7a shows that the crochet
nucleus also elongated over this period, whereas the plantal
nuclei showed no change in size. Thus, the protein changes
closely follow the mRNA changes seen in Fig. 4, indicating
that the protein has a fairly short half-life.
No MHR3 protein was seen in the dorsal epidermal
nuclei at 8 h before HCS (Fig. 8a), although it was always
present in the nuclei of the spiracular epidermis at this time
(Fig. 8g). When MHR3 first appeared about 6–7 h before
HCS, it was present in the epidermal nuclei in the segmen-
tal annuli, but not in the smaller nuclei in the interannular
regions in line with the black marks on the cuticle (Fig. 8b).
At this time none of the trichogen (hair) or tormogen (hair
socket) nuclei contained MHR3. By 5 h before HCS (Fig. 8c),
MHR3 could be seen in all epidermal cells except most of
s of reproduction in any form reserved.
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487Patterns of MHR3 Expression in Manduca Epidermisthe trichogen and tormogen cells. The intensity of staining
continued to increase until about the time of HCS (Figs. 8d
and 8e), and then declined to low levels by 9 h later (Figs. 8f
and 9). There was no clear regionality within the dorsal part
of the segment concerning this appearance and disappear-
ance of MHR3 other than the difference between the annuli
and the interannular regions. The tracheal nuclei acquired
MHR3 about 2–3 h before HCS with high levels present at
HCS (Fig. 8h).
MHR3 appeared last in the nuclei of the trichogen and
tormogen cells, which are always found within the annuli
of the segment (see Fig. 6). At about 5 h before HCS, a few
of these nuclei adjacent and medial to the spiracle showed
MHR3. Within the next few hours, groups of these cells in
various regions gained MHR3. By the time of HCS or
shortly thereafter, most of the trichogen and tormogen cells
had acquired MHR3.
For a hair in a particular region, MHR3 expression seems
to last for about 6 h (Figs. 8 and 9). MHR3 appears in the
trichogen cell about 1–2 h before the hair begins to grow out
(Fig. 9). In this case the hair is beginning to grow out at
HCS, and both trichogen and tormogen nuclei contain
MHR3 (out of focus in Fig. 9, but like the two nuclei in Fig.
8e). Three hours later the hair has elongated and the MHR3
staining of the tormogen cell shows a more diffuse nucleus
(Fig. 9). By 6 h the hair is still longer, the hair socket has
formed (see HCS 1 6 h for EcR-B1 in Fig. 9), and there is
MHR3 staining in both nuclei. By 9 h after HCS MHR3 has
disappeared from the trichogen and tormogen nuclei, al-
though some low level expression remains in the body wall
epidermal nuclei. Figure 9 also shows that during this
period EcR-B1 is high in both the trichogen and tormogen
nuclei until 6 h after HCS when it is only weakly expressed
in the tormogen nucleus, and then disappears. EcR-B1 is
also present in these nuclei earlier from before the onset of
the molt (Jindra et al., 1996, and data not shown). Although
no USP was seen in the trichogen and tormogen nuclei at
the onset of the molt, high levels were seen by 8 h before
FIG. 6. In situ analysis of MHR3 mRNA expression in crochet an
head capsule slippage. The crochet and the dorsal abdominal epide
large arrow points to the crochet-forming cell, and the small arrow
to the trichogen–tormogen cell complexes, and at 26 h to one of th
arrow at 26 h points to one of the trichogen–tormogen cell compl
epidermis.HCS (Asahina et al., 1997, and data not shown).
Copyright © 2000 by Academic Press. All rightIn Vitro Induction of MHR3
To determine whether these patterns of MHR3 expres-
sion occurred similarly in vitro, we cultured crochets and
whole dorsal abdominal segments of Day 2 4th-instar larval
epidermis for various times with 2 mg/ml 20E (a maximal
oncentration for MHR3 mRNA induction in both tissues;
alli et al., 1992; Fig. 5c). Figure 10a shows that MHR3
protein first appeared in the plantal nuclei after 2 h of
culture and in the nuclei of the crochet cells by 3 h. Levels
were high by 4–5 h (Fig. 10a), and then began to decline by
6 h (data not shown); we did not extend these studies
beyond 6 h.
By contrast, the dorsal body wall epidermis showed only
a slight increase in MHR3 staining after 3 h exposure to 20E
with an increase to maximal staining by 6 h (Fig. 10b).
Within this epidermis, we could not detect any distinct
regional appearance of MHR3. In contrast, only occasional
trichogen nuclei were stained by 4 h exposure to 20E with
the majority of these and the tormogen nuclei acquiring
MHR3 by 6–8 h under these conditions (Fig. 10b). There-
fore, in vitro under maximal levels of 20E, MHR3 first
appears in the crochet epidermis, then in the dorsal body
wall epidermis, and finally in the trichogen and tormogen
cell nuclei.
DISCUSSION
Previous experiments involving the timed isolation of the
Manduca larval abdomen from the prothoracic glands dur-
ing the onset of a molt showed that all regions of the
epidermis do not become competent to molt simulta-
neously (Truman et al., 1974). Rather, there is a stereotyped
pattern of competence that moves over the segment in
about 4 h. The present study shows that the ecdysone-
induced gene MHR3 is likewise induced in a similar pattern
rsal epidermis of the 5th abdominal segment at 6 and 11 h before
at 11 h were from the same animal. In the crochet epidermis the
e plantal cell. Black arrows in the dorsal epidermis at 211 h point
terannular black marks on the cuticle (see Fig. 1), while the white




exes.about 6–8 h later as the 20E titer rises.



































488 Langelan et al.Ecdysteroid Titer and Morphological Staging at
the Onset of the Larval Molt
We show here that during the acquisition of competence
of the epidermis to molt independently of the prothoracic
glands in the first 4 h after PTTH release (Fig. 1; Truman et
l., 1974), the ecdysteroid titer increases only slightly with
0E as the predominant ecdysteroid. Starting about 12 h
efore HCS when spiracle apolysis can be first detected, the
0E titers begin to increase slowly. Over the next 5 h, the
mall extent of the apolysis area precluded accurate staging
y this means. During the final 6–7 h before HCS, the
polysed area was sufficiently large to be easily measured
nd showed a linear increase with time. The onset of this
atter period coincided with the rapid rise in the ecdysteroid
iter and more particularly that of 20E that peaked about 6 h
efore HCS, and then declined back to relatively low levels
y HCS. Importantly, once this linear phase of apolysis is
nitiated by the rising 20E, it continues despite the rapid
FIG. 7. (a) Developmental time course of MHR3 protein expression
lantal cell nuclei (small; small arrow) as revealed by confocal mic
epresentative of crochets from three to four animals observed at e
nalysis of fluorescence intensity in the two types of nuclei. For eac
djacent cytoplasm were assessed by NIH Image, and then subtract
ere measured in each image and averaged to give a single point.ecline of 20E. In the silkworm B. mori, Kiguchi and Agui
Copyright © 2000 by Academic Press. All right1981) also found that the onset of spiracle apolysis coin-
ided with the rise of ecdysteroid for the larval molt and
hat the peak titer was attained several hours before the
nset of HCS.
The timing of the maximal ecdysteroid titer in Manduca
ound here (5–6 h before HCS) is considerably different from
hat found earlier (6–8 h after HCS) by Curtis et al. (1984).
he reason for this difference is unclear. In the latter study
he antibody used had a 4.8-fold higher affinity for E than
or 20E, but its affinity for 20,26E was not tested. Possibly it
lso had a high affinity for 20,26E, 20,26-ecdysonoic acid,
nd/or other metabolites that attain significant levels by
–8 h after HCS. The affinity of the O-6 antibody used here
as not been determined for 20,26E but our data suggest
hat it has low or no affinity, since the levels of ecdysteroid
etected by the RIA at HCS 1 6 h are very similar to the
amount of 20E present as determined by HPLC-RIA analy-
sis. Using the H22 antibody that detects both 20E and
he crochet cell nuclei (large, elongate; large arrow) and surrounding
opy using Texas Red as the secondary antibody. These images are
ime point and in a replicate series. Bar 5 50 mm. (b) Quantitative
age the intensities of an 88-pixel circle in a nucleus and one in the
give the fluorescence intensity. Three different cells of each type




ed to20,26E with slightly lower affinity than for E (Warren and





489Patterns of MHR3 Expression in Manduca EpidermisFIG. 8. Time course of developmental expression of MHR3 in the dorsal abdominal epidermis as detected by immunocytochemistry. All
times are referred to head capsule slippage (HCS) as 0 h, and animals before HCS were staged by the extent of spiracle apolysis as in Fig.
2. The pictures in (a)–(f) are all from the dorsal anterolateral region and in (a)–(d) show both the annular region that contains the trichogen
and tormogen cell complex (white arrow) and the interannular region as indicated by the black mark on the cuticle seen in (a) and (b) (black
arrow). (g) Spiracular epidermis of the same animal as in Fig. 8a. (h) Tracheal epidermis at the time of HCS. Top is anterior. Bar 5 25 mm.
IG. 9. Developmental time course of MHR3 and EcR-B1 immunostaining in the trichogen/tormogen cells of the dorsal anterior centrolateral
egion. MHR3 first appears in the trichogen cell nucleus about 1.5 h before HCS, and then in both the trichogen and tormogen cell nuclei by the
ime of HCS (see also HCS in Fig. 8e) as the hair grows out (arrow). By 3 h later the tormogen cell nucleus has expanded; the socket is formed
y HCS 1 6 h (arrow in the EcR-B1 row points to the forming socket) when both nuclei still contain MHR3. By 9 h after HCS, MHR3 is nearly
gone. EcR-B1 is present in both nuclei at 1.5 h before HCS and remains there until at least 6 h after HCS. It also was present in both nuclei at



































490 Langelan et al.Gilbert, 1987), Kiguchi and Agui (1981) found a prolonged
high level of ecdysteroid during the larval molt of Bombyx.
In Manduca epidermis neither E nor 20,26E is biologically
active in regulating several 20E-inducible genes or the
20E-suppressible dopa decarboxylase and larval cuticle pro-
tein 14 genes (Hiruma et al., 1997). Clearly then the
biologically significant titer during the larval molt is that of
20E which is quite well detected by the O-6 antiserum. We
will use this titer henceforth in our discussion.
Patterning of the MHR3 Response
The crochet epidermis is the first tissue within a segment
to achieve independence of continuing ecdysteroid secre-
tion (Truman et al., 1974; see Fig. 1). It requires only 2 h
xposure to a high concentration of 20E in order to molt in
itro (Fain and Riddiford, 1977), whereas the dorsal abdomi-
al epidermis requires 6–8 h exposure in vitro (Hiruma et
l., 1991). Our studies show that the crochet epidermis was
lso the earliest portion of the segment to accumulate
HR3 mRNA. In both tissues the 4.5-kb transcript ap-
eared first in response to 20E, and then the 3.8-kb tran-
cript (Palli et al., 1992; Fig. 5a of this study). The proximal
romoter region of the 4.5-kb transcript has been shown to
ave one critical ecdysone response element (EcRE) neces-
ary but not sufficient for its induction with at least two
FIG. 10. MHR3 immunostaining in (a) crochet and in (b) dorsal
engths of time. (a) Confocal analysis using Texas Red-conjugated s
nd small arrow a nucleus of a plantal cell. Bar 5 50 mm. (b) Diamino
oints to trichogen–tormogen cell complex. Bar 5 25 mm.ther regions further upstream necessary for full induction
Copyright © 2000 by Academic Press. All rightLan et al., 1999). This EcRE bound the EcR-B1/USP-1
eterodimer complex, but not EcR-B1/USP-2. The two
pstream elements that show similarities to EcREs did not
ind either heterodimer but bound other factors that have
ot been identified. The 3.8-kb transcript apparently has a
ifferent promoter region but this has not been character-
zed (Lan and Riddiford, unpublished). This invariant tem-
oral difference may be due to the lengths of their transcrip-
ion units as seen for the 20E-induced E74 gene (Karim and
hummel, 1991), but this point needs to be resolved. These
owever do not account for the temporal differences seen in
he accumulation of MHR3 mRNA in the two tissues.
The in vitro studies with 20E showed that there are three
ajor differences in the MHR3 response between the cro-
het epidermis (this study) and the dorsal abdominal epi-
ermis (Palli et al., 1992). First, MHR3 mRNA induction in
he crochet epidermis was nearly twice as sensitive to 20E
s that in the dorsal epidermis (EC50 values of 1026 M and
1.9 3 1026 M, respectively). The early in vivo appearance of
HR3 mRNA in the crochet epidermis as the 20E level
egins to increase slowly above 0.5 mg/ml (1026 M) corre-
sponds well with this increased sensitivity. Second, at high
concentrations of 20E that give maximal induction in both
tissues, MHR3 mRNA appears earlier in crochet epidermis
than in the dorsal epidermis. For example, 50% of maximal
accumulation of MHR3 mRNA was seen in crochet epider-
minal epidermis cultured in vitro with 2 mg/ml 20E for different
dary antibody. Large arrow shows large polyploid crochet nucleus,
idine staining of peroxidase-conjugated secondary antibody. Arrowabdo
econ
benzmis by 2 h exposure to 2 mg/ml (ca. 4 3 1026 M) 20E (Fig. 5b),
s of reproduction in any form reserved.
491Patterns of MHR3 Expression in Manduca Epidermiswhereas the dorsal epidermis had only trace amounts at
1.5 h exposure to the same concentration and 1/3 or slightly
greater of the maximal amount at 3 h exposure (Palli et al.,
1992; Hiruma et al., 1997). Third, although in both tissues
MHR3 mRNA is directly induced by 20E, 20E-induced
protein synthesis is required for full expression in the dorsal
epidermis (Palli et al., 1992) but not in the crochet epider-
mis (Fig. 5b). This partial requirement for protein synthesis
accounts for the slower accumulation of MHR3 mRNA in
the dorsal epidermis but it does not explain the difference in
the onset of MHR3 expression in response to a high dose of
20E.
The molecular basis of these tissue-specific differences in
the response of the MHR3 gene to 20E is unknown. One
possible determinant of MHR3 expression is the presence or
absence of the ecdysone receptor complex in the tissue
when the 20E level rises. Yet on Day 2 of the 4th instar
before the onset of the molt, both EcR-B1 and USP-1 are
present in both the crochet (data not shown) and the dorsal
abdominal epidermis (Jindra et al., 1996; Asahina et al.,
1997). Furthermore, during the onset of the molt, no sig-
nificant changes were seen in the levels of EcR-B1 in either
the dorsal abdominal or the crochet epidermis as measured
by quantitative confocal analysis of immunostained nuclei
(data not shown). The switch in the USP isoforms from
USP-1 to USP-2 occurs in response to high 20E (Jindra et al.,
1997; Asahina et al., 1997; Hiruma et al., 1999), so USP-1 is
likely still the predominant isoform in the nucleus when
MHR3 is induced. Thus, the tissue-specific differences in
responsiveness are likely not at the level of the hormone
receptor complex, although post-translational modifica-
tions such as phosphorylation cannot be excluded. Both
phosphorylated and nonphosphorylated forms of MsEcR
and MsUSP are detected in Manduca prothoracic glands by
the same antibodies as used in our study (Song and Gilbert,
1998). Exposure of these glands to 20E either in vivo or in
vitro caused up-regulation of USP-2 and increased phos-
phorylation of both USP isoforms, leading to decreased
binding of Ponasterone A and a decrease in PTTH-activated
ecdysone synthesis. Similarly, phosphorylation of USP in-
creased in response to 20E in the epidermis of the beetle
Tenebrio molitor (Nicolai et al., 2000) and in an epithelial
cell line of the midge Chironomus (Rauch et al., 1998).
Although EcR also may be phosphorylated (Song and Gil-
bert, 1998; Rauch et al., 1998), its phosphorylation appears
not to be altered after exposure to 20E.
The unliganded EcR /USP complex acts to suppress
MHR3 gene expression (Lan et al., 1999) as it does other
20E-regulated genes (Cherbas et al., 1991; Schubiger and
Truman, 2000). Possibly the more sensitive crochet epider-
mis contains a tissue-specific factor(s) that is able to acti-
vate transcription once low levels of 20E have relieved the
suppressive action of the unliganded receptor. The tran-
scription rate however remains low until the 20E concen-
tration is sufficiently high to activate the promoter directly.
At this point both tissues show a rapid accumulation of
MHR3 mRNA, as is seen in Fig. 4. The difference in timing
Copyright © 2000 by Academic Press. All rightof the onset of the response in the two tissues at high levels
of 20E could be due to differential accumulation of 20E by
the two tissues. Recently, Hock et al. (2000) showed that
the early gene 23E directly induced by low concentrations
of 20E encodes an ATP-binding cassette (ABC) transporter
that is necessary for normal development. Overexpression
of the gene prevented the induction of the early genes by
20E. They hypothesize that this transporter may reduce
hormone concentrations within cells and thereby modu-
lates tissue-specific responses. Although this protein seems
to be involved in the export of ecdysteroids from the cells,
there also may be proteins that facilitate 20E uptake into
cells and could differ between the two tissues.
As the 20E titer declined to low levels after HCS, the
levels of nuclear MHR3 declined more rapidly in the
crochet epidermis than in the dorsal epidermis (Figs. 7 and
8). The somewhat more prolonged expression in the dorsal
epidermis could be due to the persistence of the 20E-
induced protein necessary for full expression of MHR3
mRNA in this tissue (Palli et al., 1992). The more rapid
decrease in MHR3 in the crochet epidermis could also be
due to intrinsic developmental processes, since in each
tissue MHR3 protein was present for about 12 h. In vitro
MHR3 mRNA declined in the dorsal epidermis in the
continuous presence of 20E, albeit more slowly than when
20E was removed (Palli et al., 1992), indicating some
20E-independent regulation of this decline.
Within the dorsal abdominal epidermis, the epidermis
surrounding the spiracle was the first to show MHR3,
followed 1–2 h later by the body wall epidermis, first in the
annuli and then in the interannular regions. We were
unable to detect a difference in timing of MHR3 protein
appearance between the margins (both anterior and poste-
rior) and the interior of the segment either in vivo or in
vitro. Yet in the initial in situ hybridization studies a few
larvae had been found in which MHR3 RNA was more
abundant in the anterior and posterior marginal epidermis
than in the centrolateral region, particularly under the
interannular black marks (data not shown). The duration of
this stage therefore must be very short. These studies are
thus consistent with the findings of the abdominal ligation
experiments that the acquisition of competence to molt
independently of the prothoracic glands spreads over the
dorsal half of the segment within about one half hour (Fig.
1; Truman et al., 1974). Since MHR3 mRNA appears 6–8 h
after the acquisition of competence, at a time when the 20E
titer has risen high enough for its induction, it clearly is not
a determinant of this pattern, but rather a molecular out-
come of the patterning process. In the larva of the butterfly
Precis coenia, the thoracic epidermis shows a pattern in its
commitment to pupal differentiation that spreads out over
the dorsal area from a focus at the midline (Kremen, 1989),
but nothing is known about the underlying basis of this
pattern.
Although there are numerous examples of tissue-specific
differences in the time of appearance of ecdysteroid-induced
transcription factors during molting or metamorphosis (for























































































492 Langelan et al.example, Boyd et al., 1991; Huet et al., 1993; Emery et al.,
994; Palli et al., 1997; reviewed in Richards, 1997), studies
f differences of response within a tissue are limited. In this
tudy we have shown that different regions of a segment
egin to express MHR3 in a well-defined temporal pattern
hat eventually encompasses the entire segment. In the
rosophila eye disc, ecdysone signaling directs the move-
ent of the morphogenetic furrow that marks the anterior
ront of the wave of differentiation of the photoreceptor cell
lusters (Brennan et al., 1998). Both an ecdysone receptor
eporter construct and the Z1 isoform of the ecdysteroid-
nduced broad complex (BRC) were expressed only in the
orphogenetic furrow and in the peripodial membrane but
ever spread out over the eye disc, although EcR and USP
ere apparently uniformly expressed over this disc. Mutant
nalysis showed that BRC was necessary for movement of
he furrow and proper patterning of the clusters. In the
eveloping Drosophila ovary, BRC is first expressed in all
ollicle cells at stage 6 of oogenesis, but localizes by stage 11
o the dorsal–anterior follicle cells that are thought to form
he dorsal appendages of the chorion (Deng and Bownes,
997). E75 and E74 show a similar up-regulation and E75 a
ocalization later in oogenesis similar to that of the dorsal
nterior follicle cells (Buszczak et al., 1999). The early
niform up-regulation of these early transcription factors
ppears to be ecdysteroid-dependent (Buszczak et al., 1999),
hereas the later patterning of BRC (Deng and Bownes,
997) and E75 (Buszczak et al., 1999) in the follicle cells
epends on the epidermal growth factor receptor and the
ecapentaplegic patterning pathways. Thus, our studies
dd a new dimension to this picture, showing that ecdy-
teroid regulation of transcription factor expression can also
e modulated within the segmental domain by regional
ifferences associated with segmental patterning.
The nature of the region-specific factors that modulate the
xpression of MHR3 in the epidermis is unknown. The
nterior–posterior polarity of the Drosophila abdominal seg-
ent is determined by Engrailed and Hedgehog (Lawrence et
l., 1999), and the dorsal–ventral patterning by Decapentaple-
ic and Wingless (Kopp et al., 1999). In the larval abdomen
ingless and the Drosophila epidermal growth factor receptor
ct antagonistically to specify the denticle belts of the ventral
uticle (Szuts et al., 1997), but in the developing adult abdo-
en they act synergistically to specify the tergite and sternite
ell fates (Kopp et al., 1999). In the wing (Strigini and Cohen,
999) and presumably in the abdomen as well, other signaling
ystems are superimposed on these basic patterning elements
o establish further detail. Patterning of the wing of the
utterfly P. coenia seems to follow rules similar to that of
rosophila (Carroll et al., 1994; Keys et al., 1999), so one
ould expect abdominal patterning in Lepidoptera also to
how similarities.
Relationship of MHR3 to Cuticle Production
during the Molt
MHR3 appears in the dorsal epidermal cells about 8 h
before and remains present during the deposition of the new
Copyright © 2000 by Academic Press. All rightpicuticle that occurs between 3 and 6 h after HCS (Wolf-
ang and Riddiford, 1981). Its earlier appearance in the
piracular epidermis correlates with the earlier deposition
f cuticle in this region (Kiguchi and Agui, 1981). Its
ppearance both in the crochet cell nuclei and in the
richogen nuclei seems to slightly precede the outgrowth of
he crochet and the hair, respectively. It remains there
uring this outgrowth and finally decreases as the cuticle is
eposited. Similarly, its appearance in the tracheal nuclei
ccurs several hours before and continues during initial
uticle deposition in the trachea. Interestingly, when Dro-
ophila DHR3 mutants that normally die during embryo-
enesis are rescued by daily heat-shock-induced expression
f DHR3, they show major tracheal cuticular defects in the
hird larval instar (Lam et al., 1999). Also, DHR3 mutant
lones showed short and rough bristles on the head, thorax,
nd abdomen. These findings suggest a critical role of
HR3 both in cuticle production and in growth of the
ristles. CHR3 (the Caenorhabditis homolog of MHR3 and
HR3) is also expressed in the epidermis, and its removal
y the use of RNA interference caused molting defects in
he nematode larvae (Kostruchova et al., 1998). Our find-
ngs that MHR3 is present in the cells at the time of growth
f the crochets and the hairs and of initial deposition of
uticle in both these and the general epidermis corroborate
ts important role in both processes. Whether it regulates
nly the ecdysteroid-controlled cascade of transcription
actors as it clearly does in the prepupal molt of Drosophila
Lam et al., 1999) or also may directly regulate one or
everal of the early cuticle genes is unknown.
These studies thus have shown that at least one of the
cdysone-induced transcription factors necessary for later
ifferentiative events is also regulated within the epidermis
y region-specific factors. These factors govern sensitivity
f response as well as timing of responsiveness to 20E. This
attern specificity then ensures that the transcription factor
ill be present only when needed for its differentiative role.
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